for quantitative analysis; however, the variables used in the model are not always easily acquired and employed. For example, the neural-network method needs a number of data points from historical data, which indicates the special problem of using existing domain knowledge in the learning process [7, 8] . The analytic hierarchy process (AHP) is a decision analysis method that considers both qualitative and quantitative information and combines them by decomposing ill-structured problems into systematic hierarchies to rank alternatives based on a number of criteria [9] . As a result, the AHP has the special advantage in multi-index evaluations in this region.
In the research of ecological environment evaluation, geographic information system (GIS) has been widely used and has become an important evaluation tool [10, 11] . The presentation of vulnerability evaluation for regional environmental protection is ideal when using GIS, in which multiple layers of information can be integrated in different combinations. This can also overcome the existing diffi culties in combining numerous spatial-related parameters involved in environmental vulnerability, and thereby provide a useful and effective tool. Meanwhile, ecological models and remote sensing data will be combined through different angles, which can objectively evaluate the complex large-scale environment [12, 13] . The objective of this study was: 1) to develop a relatively reasonable regional evaluation system using GIS, 2) to quantitatively calculate a regional ecological vulnerability index using AHP, and 3) to analyze changes in the ecological environmental vulnerability analysis and improve our understanding of ecological environmental changes so that a strategy of sustainable land use could be established.
Study Area and Data
The Situation of Study
The study area is located in northern Shaanxi, China, in the middle reaches of the Yellow River. It connects the four cities of Yu Lin, Wei Nan, Tong Chuan, and Xian Yang. The study area is confi ned by the latitudes 35.358° ~37.514° N and longitudes 108.488° ~110.452° E. The study area includes eight counties (see Fig. 1 ).This area is the main implementation region of the National Returning Farmland-to-Forest Project.
Data
All of the data are divided into three categories: 1) RS data is three periods of Landsat-5 TM data in 1997, 2004, and 2011, which has a spatial resolution of 30 m. Meanwhile, in addition to remote sensing data, it also acquired the relevant data of 2) natural environment data and 3) economic and social data from the 1997, 2004, and 2011 Statistical Yearbooks.
Elevation, slope, vegetation coverage, and land use degree were interpreted from Landsat-5 resource thematic mapper (TM) images. Then, agricultural output, population density, farmland area, and per capita GDP were obtained from the Statistical Yearbook of the corresponding year (1997, 2004 , and 2011 Statistical Yearbooks of Shaanxi Province and Yan'an Region). Precipitation and soil erosion were obtained from the Shaanxi Meteorological Bureau of Agricultural Remote Sensing Center.
Methods

Evaluation Principles and Infl uence Factors
The selection of evaluation criteria is very important in a regional environment assessment, and it should be of certain representation and maneuverability. In the quantitative study, analyzing the factors of ecological environment should consider natural factors and the impact of human activity. Various factors infl uencing the ecological vulnerability of the Loess Plateau are considered. But it should be noted that this selection of factors is not exhaustive, and only those salient factors for which information is of great signifi cance were selected. Based on some previous quantitative analyses of environmental features in the study area [14] , we considered all possible environmental variables for the present assessment. Fig. 2 shows an integrated evaluation criteria system. Natural factors including elevation (C1), precipitation (C), and slope (C3) form an important determinant of vulnerability evaluation [15] . Environmental factors including vegetation coverage (C4), soil erosion (C5), and land use degree (C6) form an important determinant of vulnerability evaluation [16] . The regional environmental vulnerability is also strongly related to local socioeconomic factors, since human activities can greatly infl uence the evolution of numerous environmental characteristics. Agricultural output (C7), per capita GDP (C8), population density (C9), and farmland area (C10) are selected to evaluate the impacts of human activities.
Standardization of Factors Index
In the process of ecological vulnerability evaluation, a primary step is to ensure a standardized measurement system for all factors considered. As a general guideline, a positive correlation between the value awarded and vulnerability is employed. All the factors were processed by this method.
...where i is the evaluation unit, X i is the original value of i, X i max and X i min are the maximum and the minimum value of i.
Weight of Evaluation Factors
The weight of each factor was determined with AHP according to the environmental conditions and expert advice. AHP was a systematic analyzing evaluation method to make the complex and multi-index system quantitatively, which could decompose the complex problem to some layers and some factors, and could compare and calculate as the result of weight. Due to its ability of assigning proper weights to various factors of complex systems, the ecoenvironmental system was suitable to employ AHP [17] . In our research, based on the Delphi expert advice system, the AHP method was applied to determine the weight of each factor [18] .
In the construction of the matrix of paired comparison, the consistency of the judgments could be revealed because this matrix is a consistent matrix. For example, if factor 1 is preferred to factor 2 and factor 2 to factor 3, then factor 1 must be more preferred to factor 3. In AHP, an index of consistency, known as the consistency ratio (CR), is used to indicate the probability that the matrix judgments were randomly generated [19] : (2) …where RI is the average of the resulting consistency index depending on the order of the matrix given by Saaty [20] , and consistency index (CI) is defi ned as: (3) …where λ max is the largest or principal eigenvalue of the matrix, and n is the order of the matrix. A CR of 0.10 or less is a reasonable level of consistency. A CR above 0.10 requires revisions of the judgments in the matrix because of an inconsistent treatment of particular factor ratings. In this study, the maximum CR of 0.04 is then acceptable. Eventually, all the factors weigh as shown in Table 1 .
Environmental Vulnerability Index (EVI)
The higher the EVI value, the more vulnerable the ecological environment is. Using the weighted linear combinations method, the evaluation model is built to calculate the EVI. The factors evaluated were combined by applying a weight of each factor, followed by a summation of the results to yield a vulnerability index. The evaluation value of each unit was the sum of the 
…where EVI is the environmental vulnerability index, w i the weight of factor i, and f i the rating of factor i.
The Classifi cation of Ecological Vulnerability Index
The EVI was could be classifi ed into several ranks to refl ect the different vulnerability levels. The natural breaks classifi cation (NBC) is an objective and rational measure to analyze the statistical distribution in the attribute space. It can identify break points by picking the class breaks that group similar values and maximize the differences between classes, and the features are divided into classes whose boundaries are set where there are relatively large jumps in the data values [16] . In this study, the method of the natural breaks classifi cation was used to divide the ecological vulnerability assessment into fi ve grades, and each grade was presented in Table 2 .
Results and Discussion
Calculating Ecological Vulnerability Index and Mapping the Ecological Vulnerability Index Chart in 1997, 2004, and 2011
Using these formulas, the ecological vulnerability index of the Yan'an area can be calculated in 1997, 2004, and 2011. Based on ecological vulnerability data in the study area, the Natural Breaks Classifi cation method was divided into fi ve grades: potential, slight, light, medium, and heavy.
According to factor weights and the ecological vulnerability classifi cation standard (Tables 1 and 2) , the spatial multi-temporal assessments of the ecological vulnerability index that are classifi ed in 1997, 2004, and 2011 are shown in Fig. 3 and Table 3 . In 1997, the light vulnerable zone with the largest area proportion accounting for 29.86%, the medium vulnerable zone accounts for 29.42%, the heavy vulnerable zone accounts for 20.27%, the slight vulnerable zone accounts for 16.98%, and the potential vulnerable zone only accounts for 3.47%. In 2000, the light vulnerable zone with the largest area proportion accounted for 30.14%, the medium vulnerable zone for 28.43%, the slight vulnerable zone 24.17%, the heavy vulnerable zone 12.71%, and the potential vulnerable zone only for 4.55%. In 2011, the light vulnerable zone with the largest area proportion accounts for 30.81%, the medium vulnerable zone for 29.31%, the slight vulnerable zone for 20.73%, the heavy vulnerable zone for 15.11%, and the potential vulnerable zone only for 3.98%.
Changes in the Ecological Vulnerability Index in Administrative Region
In 1997-2011, the ecological vulnerability index decreased in Yan'an, which means that the ecological environment was gradually stabilizing. However, in some counties the ecological vulnerability index gradually increased. The ecological vulnerability indexes of Baota District, Ansai County and Zichang County are abnormal, where the EVI of the latter stage is larger than the earlier stage. The EVI in four southern counties gradually became smaller from 1997 to 2011, and therefore the security of the ecological environment has gradually increased.
In the spatial scale, most counties show a clearly horizontal distribution (see Fig. 3 ). Among them, the EVI of four northern counties (including Baota District, Zichang County, Ansai County, and Yanchuan County) was signifi cantly higher than the four southern counties (including Ganquan, Fuxian, Hanging, and Luochuan counties). In other words, environmental safety from north to south gradually becomes stronger, and then such incremental changes are closely related to rainfall and human economic development.
The ecological vulnerability indexes of Ganquan County and Fu County are the lowest, which can also illustrate regional ecological environmental security and stability. In eight areas, the ecological vulnerability of Luochuan County and Baota District is higher than other counties, where urban expansion is one of the most important factors. In 1997-2011, the ecological vulnerability index decreased for the study area, and the ecological environment gradually stabilized. In 1997-2004 and 2004 -2011, the ecological vulnerability indices of Baota, Ansari, and Zichang counties were abnormal because the later ecological vulnerability index was larger than for the earlier period. Among these counties, the ecological vulnerability index of four northern counties (including Baota District and Ansai, Zichang, and Yanchuan counties) was signifi cantly higher than that of four southern counties (include Fu xian, Ganquan, Huangling, and Luochuan). In other words, the safety of the ecological environment going north to south gradually became stronger.
Effect of the Main Driving Factors
From 1997 to 2011, except for a few places, ecological vulnerability index gradually decreased in most of the areas, which refl ected that the ecological environmental quality had been improved. Many factors can affect the ecological environmental stability. In general, the economic development and vegetation cover were the main driving forces in affecting ecological environmental vulnerability.
The infl uence of economic development is primarily divided into two categories: energy exploitation and urbanization development. The Yan'an area is the National Energy Chemical Base, and economic development mainly depends on energy development. Energy exploitation directly causes soil erosion in fragile ecological environmental areas and it can directly affect the sustainable development of the ecological environment. In recent years, the Chinese government has paid more attention to the energy exploitation control and ecological environmental sustainable development in Loess Plateau of Yan'an. More sloping fi elds have been converted to grassland and woodland in the past decade [21, 22] . In addition, the rapid development of urbanization has an effect on land use, and then it increases the demand for resources.
In the ecologically vulnerable areas of Loess Plateau, vegetation is an important factor affecting the ecological environmental balance. Because of the serious soil and water erosion, the vegetation has been degraded, then mining of coal and oil also seriously have damaged the growth of vegetation. Because of the limitations of the natural environment, the effect of returning farmland to forests is not so obvious in some places, such as Ansai County. Therefore, a reasonable vegetation restoration program is the focus of future work as it directly affects the degree of ecological environmental vulnerability.
Sustainable Development of Ecological Environment
Yan'an has the complex topography of a loess region and fragile ecological environment. In the Loess Plateau, 60% of the land has a greater than 25 degree slope, which is not appropriate for growing crops. The strong gravitational erosion in the loess slope zone can lead to geological hazards. Meanwhile, the region's energy and chemical industries support the development of the economy, and exploitation of oil and gas resources and coal mining has a sizeable effect on land use. The forest coverage rate was rather low in economically developed districts, such as the northern counties, but the ecological vulnerability index was higher than economically developing districts in southern counties. From the view of regional development, economically developed locations also have similar laws, which show that the stability of the region's economic development is closely related to the environment. Yan'an is part of the National Energy and Chemical Base, the ecological security in Yan'an area cannot be ignored. The local government should therefore follow the laws of nature, reduce the interference of human activities on the environment, and achieve sustainable development of the ecological environment in energy-based urban regions.
Conclusions
This study focuses on the ecological vulnerability in a typical zone: the Yan'an area in the loess plateau. Moreover, it quantitatively analyzed changes of ecological vulnerability using GIS software and the AHP method.
The evaluation of ecological vulnerability for Yan'an showed that regional areas of potential, slight and light grade approximated to 3/5 of the total area, and those areas gradually increased from 1997 to 2011. This result indicated that the ecological environment became more stabilized. In addition, the ecological vulnerability index of the four northern counties is higher than that of the four southern counties.
Because of the limits of meteorological data sources and the number of monitoring sites, it was diffi cult to completely present the regional internal changes in the ecological environment. Therefore, evaluation accuracy could be enhanced by collecting more detailed data to strengthen regional evaluation research.
